Abstract. We propose a method, which treats metal artifact reduction in CT by sinogram restoration as a problem of scattered data interpolation. Corrupted sinogram entries are discarded and replaced with artificially generated values. The presented interpolation algorithm is based on the 2D non-equispaced fast Fourier transform (NFFT). Results are compared to two common polynomial interpolation schemes.
Introduction
The non-equispaced fast Fourier transform (NFFT) [1] is a generalization of the fast Fourier transformation (FFT) for data located on non-equispaced grids. It has several applications in medical imaging, such as for instance it is used in magnetic resonance imaging for reconstruction of data located on spiral or radial trajectories. Further, NFFT can be used for direct reconstruction methods [2] , exploiting the well known Fourier-slice theorem. Beside these applications, the NFFT can be generally used for multidimensional interpolation of scattered data as described in [3] . In the present work we propose to apply NFFT-based scattered data interpolation to metal artifact reduction in CT, where inconsistent data needs to be replaced by interpolated one.
If one or more metal objects, e.g. dental fillings or hip prosthesis are present in the field of view of a CT scanner, the reconstructed images are often severely degraded by bright star-shaped artifacts (Fig. 1) . The main cause of these metal artifacts is the so called beam hardening effect, where photons of high and low energies are attenuated differently. Due to the highly non-linear nature of this process, this results in inconsistent projection data. These artifacts impare the diagnostic value of the reconstructed images and, therefore, give rise to the introduction of correction methods into the reconstruction schemes.
A common method for metal artifact reduction consists of two parts: First, the inconsistent data is removed from the sinogram. Afterwards, the resulting gap is to be filled with surrogate values. The first step can be accomplished by segmentation of the regions containing metal in a preliminary reconstruction. After forward projection of the resulting binary label image, the resulting mask can then be used to remove metal traces from the initial sinogram. In literature, several approaches to complete the sinogram are known. One popular method is proposed in [4] and [5] , in which the gap is filled with interpolated values from adjacent detector elements. The interpolation is done independendly for each view.
In the present paper it is shown, how the computation of the discarded values can be interpreted as a problem of scattered data interpolation. Additionally it is shown, how this very problem can be solved using an NFFT based approach.
Materials and Methods
The FFT provides a method for interpolation of multidimensional data. By zero padding the vector of Fourier coefficients, the number of elements of an pixel grid can be increased. However, the FFT is limited to equispaced voxel positions and cannot be applied directly for interpolation of the gap in a sinogram. Therefore, we propose to use a generalization of the FFT, the so called NFFT that can handle non-equispaced voxel positions in the image domain. In the following we describe the application of NFFT interpolation to the gap filling problem in CT.
Let p(r), r = θ, r T denote the measured projection that depends on the angle θ and on the position r. The projections are sampled on N equispaced positions r ρ that are located on a grid of size N 1 × N 2 . For simplicity let the positions r ρ be scaled to fit into the torus [− 
where
2 ) denote equispaced frequencies. Then, the missing values can be interpolated by evaluating (1) at the missing positionsr n 1;κ=0,. ..,N −1 . Since M < N , the system (2) is underdetermined and, as proposed in [3] , it can be solved by the minimization problem
where the damping factorsŵ = (ŵ κ )
N −1 κ=0 can be used to incorporate knowledge on the decay of the Fourier coefficients. In that way, we can choose a "smooth" solution of the under-determined system (2) . As proposed in [3] the minimization problem (3) can be solved efficiently by a variant of the conjugated gradient (CG) method in combination with the NFFT. The CG algorithm proceeds iteratively performing multiple matrix-vector multiplications. Every matrix-vector multiplication can be performed by the NFFT, which is an approximative algorithm for the evaluation of (1) that needs only O(N log N + εM ) operations, where ε denotes the desired accuracy. In summary, the vector of Fourier coefficientsf can be calculated with O(λ(N log N +εM )) operations, where λ denotes the number of CG iterations. To compute the missing values from the Fourier coefficientsf , an ordinary FFT can be used.
To demonstrate the interpolation approach, the projection data of a slice through an anthromorphic torso phantom with two externally attached steel markers was used. The uncorrected dataset is shown in Fig. 1 . In order to provide ground truth data for error assessment, the phantom was additionally scanned without markers. The image, which masks the metal traces, was generated by applying a simple threshold segmentation to a preliminary reconstructed image and a subsequent forward projection of this binary image.
Two different interpolation methods were applied for comparison with the proposed NFFT method: A linear and a cubic spline interpolation along single projections. For the implementation of the NFFT interpolation method, we use the software package described in [6] . The damping factorsŵ were chosen as the absolute value of the Fourier coefficients of the spline interpolated image. In this way, an appropriate weighting in Fourier space is enforced.
Results
The restorated sinograms and their corresponding reconstructed images are shown in Fig. 2 . Visual inspection of the singoram data after interpolation suggests that the NFFT approach outperforms the two other methods. However, for regions in the reconstructed images in the vicinity of the metal markers, the spline based method seems to perform best. Streak artifacts situated further away from the markers are significantly reduced when using the NFFT approach. Linear interpolation performs worst in all cases. For error analysis the relative error f −f 2 / f 2 is computed, where f denotes the ground truth data and f the data obtained by interpolation. For the sinogram data only the gap of missing values was taken into account for computation of the error. Results are listed in Tab. 1. As already seen in the close-up views, the NFFT provides the lowest error in Radon space, while the improvement for the reconstructed images is only marginal compared to the spline method.
Discussion
In the present work a new algorithm for metal artifact reduction based on twodimensional interpolation by means of non-equispaced Fourier transform was proposed. Missing sinogram values were filled with interpolated values, significantly reducing metal artifacts in the reconstructed images. For comparison, two polynomial algorithms were used. In the sinogram we achieved an improvement of the image quality using the NFFT interpolation. However, in the reconstructed images we obtained only a marginal improvement compared to spline based interpolation. This behavior may be due to the smoothness of the NFFT interpolation, since the filtered backprojection includes a high pass filtering. Taking this into account, an appropriate choice of the damping factorsŵ may yield better reconstruction results.
